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This review article provides an overview of activities in the rapidly developing field of water purification via photocatalytic methods and focuses on the removal of nitrate ions with simultaneous removal of the hole scavenger. Many of the issues associated with provision of potable water in the developing world may be resolved by the use of simple physical methodologies such as filtration. However, many of the issues associated with water purity in the developed world involve complex, stable molecules present at low concentrations that are nonetheless capable of producing toxic effects in plants and animals and that require more demanding removal technologies. Photocatalytic methods can be operated remotely and often show minimal production of undesired side products. Titania alone shows limitations, not only in terms of the slow rate of photoreduction of nitrate but also in terms of selectivity and the need to employ radiation in the UV region due to the magnitude of the band gap. Key challenges may be defined as: reducing the band gap/increasing absorption in the visible region, enhancing the adsorption capacity/access to the surface sites and reducing the rate of hole/electron recombination. The present article will focus on the use of titania-based materials that involve metal cocatalysts for nitrate reduction.
This article is part of a discussion meeting issue 'Providing sustainable catalytic solutions for a rapidly changing world'. 
General introduction
Ground water is one of the major sources of drinking water; however, it is often contaminated with nitrates, especially in areas of intense agricultural activity as a consequence of leaching of highly soluble nitrogen-based fertilizers [1] . Nitrate and its metabolites, particularly nitrite formed on reduction in nitrate, are toxic for the human body, and are especially harmful in infants. Studies have shown that nitrates combine with haemoglobin, forming methaemoglobin, which causes blue baby syndrome, and nitrosamine formation can cause hypertension and cancer [2] .
The World Health Organization (WHO), in recognizing the importance of controlling exposure to excess nitrate in drinking water, introduced a recommended maximum concentration of nitrate of 10 ppm. The European Union (EU) has suggested levels of 50, 0.1 and 0.5 ppm for NO − 3 , NO − 2 and NH + 4 , respectively [1, 3] . Technologies which reduce nitrate levels include ion exchange, biodegradation and reverse osmosis [4] . Ion exchange and reverse osmosis are advantageous in that they remove the pollutant without introducing other substances; however, they do not selectively act on nitrate and, in removing other anionic species, the overall quality of the water may suffer. A further disadvantage of these methods is the need for further treatment or disposal of the brines produced. A number of biological processes show advantage by converting nitrate into harmless nitrogen. The disadvantage to these routes is that such processes are often difficult to handle and may create toxic by-products and/or undesirable biomass [5] .
Catalytic hydrogenation/tandem reaction
This process involves the use of hydrogen or formic acid as a reductant and is believed to proceed via a stepwise reduction in nitrate to nitrite, followed by hydrogenation to nitrogen or over-hydrogenation to undesired ammonium [4, 6, 7] . A combination of Pd with a base metal is found to provide the optimal performance in terms of activity and selectivity, with Pd catalysing the reduction in nitrite while the base metal, maintained in a reduced state through interaction and hydrogen transfer from Pd, is more effective for the nitrate to nitrite step. Monometallic Pd on certain (normally reducible) supports such as ceria and titania has been proposed as an alternative [8, 9] . A mechanism involving oxygen vacancies of the support was proposed for ceriasupported Pd [10] . The main advantage of the titania over ceria is that susceptibility to poisoning by CO 2 is diminished [9] and CO 2 is often employed as a pH buffer. However, in both cases, the catalysts in general show poorer selectivity than optimized bimetallic systems. An exception is the case of Pd/SnO 2 , where selectivities similar to those with bimetallics were attained [11] . This improved activity and higher selectivity was attributed to the low surface area of support and, in particular, to the low support porosity, which minimized mass transfer limitations and ensured effective buffering of the solution, thus avoiding the formation of ammonium.
Although the levels of hydrogenation activity are significant even at the ambient temperatures appropriate for application purposes, the key challenge remains that of selectivity, although the feasibility of scale-up has also been challenged [12] . Considerations to further developments in this area are to maintain catalyst performance in the presence of interfering anions, the need to consider how to provide the hydrogen required as the reductant and the CO 2 used as the buffer. In the latter regard, formic acid, which provides both CO 2 and H 2 on decomposition, offers a route to achieving this. An alternative that has recently received attention is to combine photocatalysis and selective hydrogenation in the so-called 'tandem reaction systems'. This combines a semiconductor photocatalyst such as Pt/TiO 2 and a supported bimetallic nonphotocatalyst such as Sn-Pd/Al 2 O 3 [13, 14] . While the authors claim that this permits the fine-tuning of the individual components with the former producing hydrogen for the reaction and the supported bimetallic catalysts consuming the hydrogen to selectively reduce nitrate to nitrogen, relatively high levels of undesired N 2 O were detected [13, 14] . Ethanol and glucose have been considered as hole scavengers, again therefore providing CO 2 to act as a pH buffer. The need to consider the (in most cases) geographically isolated areas where application is delivered has, in part, been responsible for the increasing levels of interest in developing photocatalytic
However, the one electron reduction process of nitrate to generate NO 2− 2 (E 0 = −0.89 V) using conduction band electrons of titania is not thermodynamically feasible [18] .
In an ideal situation, the reduction process would proceed via equation (3.2); however, competition with dissolved oxygen for conduction band electrons and also processes leading to incomplete or over-reduction may occur. The former is often observed in practice and, in many cases, reactions are performed by bubbling nitrogen to remove competition by dissolved oxygen [15, 16, 19, 20] . The selection of the hole scavenger (electron donor species) plays an important role in determining activity and selectivity in nitrate reduction, and this will be discussed later. However, while phenols, dyes and other bulky organic molecules may be employed as relevant examples of hole scavengers, commonly short carboxylic acids are employed. This selection is justified on the basis that these are often obtained as incomplete mineralization products of advanced oxidation treatments (AOTs), which involve the reaction of OH radicals with more complex organic molecules. Examples of these carboxylic acids include formic and oxalic acid, for which the redox potentials are both more negative than the valence band of titania (3.0 V), Figure 1 shows some of the potential processes and reactions that may take place assuming that the adsorptions of hole and electron scavengers are a prerequisite to oxidation and reduction reactions, respectively.
Adsorption and surface processes
Photocatalysis is an effective route to the removal of pollutants, given that it may be used to simultaneously remove nitrate (or other inorganics) and organic species. The use of phenols, dyes and other bulky organic molecules may be employed as relevant examples of hole scavengers. Humic acids, which are a natural pollutant of water sources, have also been studied [21] . As mentioned above, short-chained carboxylic acids are commonly employed as these are generated due to incomplete mineralization of more complex molecules during AOTs. Formic, acetic and oxalic acids are examples of carboxylic acids that have been employed in photocatalysis studies using titania [15] [16] [17] 19, 22, 23] . Comparison of formic and acetic acids and their sodium salts [15] revealed differences in the efficiencies that the selection of the hole scavenger brought to the photocatalytic removal of nitrates. Formic acid yielded significantly higher nitrate conversion than the others, although this was offset by a slight decrease in overall selectivity to nitrogen. Formic acid is thought to be a better reducing agent than hydrogen only when illuminated [5] . In the dark, it was outperformed by hydrogen, although the presence of intermediate reduction products (nitrite) is observed [5] . Sodium oxalate gave improved nitrate conversion when compared with oxalic acid [24] . This may be related to the forms in which the hole scavenger is adsorbed. Although it is assumed that the surface of titania should be populated by oxalate species following exposure to oxalic acid [23] , diffuse reflectance infrared Fourier transform (DRIFT) studies of samples removed from solution at up to 80% hole scavenger conversion show that the predominant species is molecularly bound oxalic acid [16, 19] . At higher levels of conversion, oxalate species are dominant on the surface [16, 19] . The extent to which adsorption takes place will be governed by the extent of dissociation of the acid in water. DRIFT studies using nitrate solution over Pd/titania [25] show that nitrate is adsorbed in a monodentate form but adopts a bidentate adsorbed state when water is driven off the surface. The low extent of nitrate adsorption on titania [5] has led some to use this to support a mechanism based on a mediated reduction process rather than involving an adsorbed state of nitrate [18] .
Oxalic acid is known to inhibit the adsorption of nitrate [26] , which may be expected to reduce rates of removal of the latter. Li & Qu [27] found that high oxalic acid and low nitrate concentrations led to saturation of the surface by oxalate species and negligible nitrate uptake. Nitrate was only able to adsorb competitively with oxalate at lower oxalic acid concentrations. The apparent rate constants are dependent on the oxalic : nitrate molar ratios [28] , but nitrate conversion with time over P25 gives plots with little sensitivity to either nitrate or hole scavenger concentration [16, 19] . Consistent with this insensitivity, rate constants for oxalic acid removal are much more sensitive to initial oxalic acid : nitrate molar ratios than the corresponding rate constants for nitrate removal [28] . The exact amount of oxalic acid that may be adsorbed on P25 at or near room temperature probably lies within the range 8.8 × 10 −5 to 9 × 10 −4 mol g −1 [16, 23, 26, 29] . This uptake is diminished (by approx. 50%), for example, in the presence of metal co-catalysts even at low (approx. 1%) loadings [29] . It has been reported that oxalic acid from aqueous solution appears to preferentially adsorb in a bidentate configuration on rutile but as a monodentate complex on anatase. Theoretical calculations suggest that both may lead to CO 2 formation, while the latter may generate CO 2 or adsorbed formate [30] .
The reduction in nitrate in the presence of oxalate ions may take place indirectly by involving carbon dioxide anion radicals [23, 24] ,
This would be consistent with the view [31] that oxidation of oxalate to carbon dioxide and carbon dioxide anion radicals is the initial step before nitrate reduction.
The rate of degradation of an organic pollutant is frequently reported using the LangmuirHinshelwood (L-H) kinetic model,
where r is the initial rate of degradation of the substrate, k is the limiting step rate constant at maximum coverage under the given experimental conditions, K is the reactant adsorption constant and C is the bulk-solute concentration. This model relates the rate of the surfacecatalysed reaction to the surface covered by the substrate. Accordingly, the rate of a unimolecular reaction is proportional to the surface coverage by the adsorbate. Above saturation coverage, any further increase in reactant concentration will not improve activity and may even lead to a decrease in observed rates. However, the similarity between adsorption equilibrium constants derived from photocatalytic reaction rates and those derived from dark adsorption isotherms only indicates that the reaction is consistent with Langmuir-type adsorption and does not rule out the possibility of other reaction kinetics types [32, 33] . Several authors have commented [30, 34] that, although the L-H isotherm is useful in modelling the photocatalytic process, rate constants and orders should be seen as 'apparent'. Plots of nitrate conversion with time over P25 appear as curved profiles with little sensitivity to either nitrate concentration or hole scavenger concentration [16, 19, 28] . On the other hand, plots of oxalic acid concentration as a function of time show linearity (below high conversion levels) consistent with expectation for a reaction following overall zero-order behaviour. This behaviour in the nitrate/oxalic acid reaction is consistent with kinetic studies of oxalic acid degradation using oxygen as the electron scavenger over titania-supported Ag and Pt photocatalysts where the removal of acid followed zero-order kinetics [29] . However, when the initial oxalic acid concentration is increased, the rate of removal increases with the enhancement factor, consistent with the expectation based on a first-order dependence on acid concentration [16, 19] . It is clear that although the overall reaction shows apparent zero-order kinetics, consistent with previous studies of oxalic acid and oxygen [29] , the order with respect to oxalic acid is first. Surprisingly, this behaviour is exhibited across a concentration range that spans both the rising and plateau zones of the Langmuir isotherm for oxalic acid adsorption [16, 19] . The true activation energy value in a photocatalytic reaction is zero [34] [35] [36] , although the apparent activation energy, E a , may be around 20 kJ mol −1 [36] . This difference is a consequence of the enthalpies of adsorption of reactant or desorption of product that give rise to the temperature sensitivity often observed on measuring reaction rates of a photocatalytic reaction. In the case of simultaneous removal of nitrates and organics from aqueous solution where reactions are generally studied at temperatures of 20°C and below, the apparent activation energies will reflect the enthalpies of desorption of products as these are the most likely to influence the rate constant. For the case of simultaneous removal of nitrate and oxalic acid, apparent activation energies of 34 and 42 kJ mol −1 have been reported using two different titania supports loaded with Au [16, 19] . This difference is attributed to the heats of desorption of CO 2 from the two different titania support materials as no other carbon-containing intermediates or by-products were detected [16, 19] . A value of 34 kJ mol −1 for Au/P25 [16, 19] is consistent with a previously reported value of 32.1 kJ mol −1 for Cu/P25 using formic acid as the hole scavenger [9, 15] and is consistent with the proposal that the value represents the desorption enthalpy of CO 2 from the titania.
Manipulation of the surface properties
Not all surfaces of an anatase or rutile are equally reactive (number of electron/hole pairs available for reaction per adsorbed photon). Using annealed surfaces of randomly textured rutile polycrystals in order to photochemically reduce Ag + to Ag metal in an aqueous solution, Lowekamp et al. [37] were able to correlate the surface orientations of more than 100 individual crystallites with the amount of deposited Ag. It was concluded that the most reactive orientations lie in a zone defined by the (001) apex of the stereographic triangle. To maximize photon yield, therefore, nanoplates rather than nanorods of titania are a desired end-product for the following reasons. An anatase crystal at an early stage of crystallization (i.e. precipitation from solution) will take on a form whereby typical values for the ratio, B/A, would be approximately 0.3-0.4 with a maximum of 0.57 [38] . As the crystal is extended along the c-axis, the ratio B/A is further decreased and, consequently, the relative abundance of the (001) face is diminished. The population of this face is therefore maximized when growth in the c direction is minimized and the ratio of B/A approximates 1. The inclusion of the fluoride anion during the preparation stages can produce the desired effect on the aspect ratio of the resulting crystalline product. Although the synthesis method often involves titanium alkoxide (e.g. tetrabutyl titanate) and HF, other routes to include fluoride anions in the synthesis have been described (e.g. titanium tetraisopropoxide with trifluoroacetic acid or titanium tetrafluoride + HF). By introducing F − anions into solution, the relative stabilities of the (101) and (001) facets are reversed. More recent studies show that 2-propanol as the solvent may behave as a synergistic capping agent when present in the reaction medium together with HF [39] . The mechanism by which the aspect ratio is controlled is thought to involve adsorption of fluoride anions, which prevent the formation of surface hydroxyls on certain surface facets which would otherwise condense during crystal aggregation through the formation of bridging Ti-O-Ti structures. Early studies using this approach reported up to 47% of the anatase surface to be composed of (001) facets; however, more recent reports indicate that figure to be around 90% for a calcination temperature of 200°C, falling to 64% at 800°C [40] . Fluoride is removed progressively during calcination [40] , although it may also be removed by alkaline washing in a NaOH solution without altering the crystal structure and morphology [39, 41] . The low surface defect concentration is thought to suppress the anatase to rutile transformation during calcination. It is believed that the presence of fluoride ions at low pH accelerates TiO 2 crystallization and growth due to rapid in situ dissolution-recrystallization, which reduces the numbers of defects and impurities in the TiO 2 lattice and consequently should reduce the number of sites for charge recombination. These nanoplates with preferred exposure of the (001) facets show photoreactivity up to five times greater than P25, for example, in the rate of formation of hydroxyl radicals [39] or in the depletion of acetone [40] . However, it is unclear whether any retained F − which is known to enhance the performance of titania [38] or whether the relative ratio of (001)/(101) faces (i.e. the thickness of the nanoplates) is of greater significance than simply the relative abundance of the (001) faces. These materials have not yet been studied in the degradation of nitrates either in their pure form or in the presence of metal co-catalysts.
However, the combined effects of these reactive anatase surfaces with metal co-catalysts have been investigated for other reactions. For example, the improved performance of Au/TiO 2 (001) with respect to Au/TiO 2 (P25) for the degradation of rhodamine B under visible light activation has been reported [42] . The promotion of titania photocatalysts by addition of metals is more fully described in the following section.
Use of metals as co-catalysts
The addition of metals as co-catalysts to titania photocatalysts is an effective means of improving photon yield [17, 29, 43] . Deposits in the form of metal nanoparticles may act as passive electron sinks for electrons, separating them from the holes that exist in the bulk and enhancing their lifetimes. This may also result in a negative shift of the Fermi level of the metal, providing increased reductive power of the system [44] . There is evidence that this approach enhances reactivity for many reactions, including nitrate degradation (table 1) .
Under the conditions employed, titania alone showed no activity [31] ; this is consistent with some previous observations [24] , but is in contrast with others where titania may show either low activity but high nitrogen selectivity [17] or significant activity but generating mainly ammonia [15, 23] . The addition of metals clearly enhances activity (table 1) with Pd appearing to be the most selective but least active of those studied. The addition of Pt or Ni leads to the formation of some ammonium, whereas the addition of Cu gives rise to ammonium and nitrite formation. The findings for copper have been confirmed elsewhere [15] . It has been suggested that metals with a high electron affinity (such as Pt and Pd) are particularly beneficial in reactions such as nitrate degradation [24, 45] . The improvement is due to the increase in charge separation by drawing electrons from the TiO 2 conduction band [46] when the two are in physical contact, although it is believed that the junction may be ohmic rather than Schottky [33] . Other noble metals, such as silver and gold, are also likely to attract electrons towards themselves, thus reducing the likelihood of recombination between the photogenerated holes and electrons.
Supported noble metal particles are among the most common promoters of titania photocatalysis with Pt being the most extensively studied [29, 45, 47, 48] . The most commonly attributed effect resulting from deposition of Pt (and most other supported noble metals) is its ability to promote separation of charge carriers through the accumulation of electrons on the metal particles with holes remaining on the titania. This occurs because of the formation of either a Schottky barrier or an ohmic junction at the metal-TiO 2 interface. When electrically neutral and isolated from each other, the Fermi levels of a metal and an n-type semiconductor lie at different positions. Connecting the two materials causes electrons to transfer from the semiconductor to the metal until the two Fermi levels are equal (they are in Fermi equilibrium). This new electrical contact creates a space-charge layer and the surface of the metal acquires a negative charge and the surface of the semiconductor acquires a positive charge due to the electrons migrating away from the barrier region.
The shifting of band edges in supported platinum systems has been observed [47, 49] and this promotes certain electron transfer processes when in an appropriate environment. Improved photocatalytic performance of Pt/TiO 2 with respect to the oxide alone has been ascribed to improved electron scavenging capability by oxygen [47, 49, 50] . Work has also been carried out with platinum loaded on mesoporous titania whereby Pt nanoparticles were embedded in a cubic mesoporous anatase thin film and found to be active for CO oxidation when the Pt cluster size was below 5 nm [51] . Interactions between the Pt nanoparticles and the TiO 2 created nanoheterojunctions which promoted charge carrier separation. Palladium shows a number of the same attributes as other noble metals when deposited on titania. Its presence was found to prevent photocatalyst deactivation otherwise arising from strongly bound organic intermediates and to promote the complete mineralization of vinyl chloride by the promotion of surface reactions that minimized the release of chlorocarbon intermediates [52, 53] . The co-catalytic properties of rhodium on titania photocatalysis have not been researched as extensively as other metals. Rhodium has been shown to promote certain photooxidation and photoreduction processes, which is a benefit it shares with most other noble metals. Rhodium has also been found to exhibit the capability of existing on TiO 2 surfaces in the form of stable isolated cations at low loading levels and under mildly reductive conditions [50, 54, 55] .
Ranjit and co-workers [20, 22, 54 ] studied a range of noble metals with high electron affinity and also selected transition metal cations in order to metallize titania. Such co-catalysts were employed to trap photoelectrons in order to enhance the efficiency of the nitrate and nitrite reduction. Results suggest that both can be photo-reduced to ammonium under acidic conditions as follows: NO
and NO
Metals such as copper [15, 56, 57] and nickel [58, 59] have also been assessed as co-catalysts for TiO 2 photochemistry. These co-catalysts show some similarities due to their ability to exist as metallic, ionic or oxidic states under reaction conditions. Cu and Ni can be present simultaneously in two or more of these states [28] , making identification of the participating phase during reaction very difficult. The photodegradation mechanism of nitrate and oxalic acid over Cu 2 O/TiO 2 is likely to differ from that of copper metal supported on TiO 2 [28] as Cu 2 O may be seen as a ptype semiconductor. As the conduction band of TiO 2 is lower than that of Cu 2 O, photogenerated electrons can move from Cu 2 O to TiO 2 , while holes migrate from the valence band of TiO 2 to Cu 2 O. In terms of the reduced metals, it has been postulated that Cu and Ni may exhibit the same charge separation functions as Au and Ag (see below). Unfortunately, due to their ease of oxidation, further investigation of such properties has proven challenging [60] . In the case of both copper [15, 31] and Cu 2 O on titania [28] , the reaction of nitrate with organic acids shows high selectivity to ammonium rather than nitrogen.
Silver has also received attention as a co-catalyst for titania photocatalysts [15, 17, 29, 45, 46] . It is well documented that Ag particles on either P25 or mesoporous titania promote charge carrier separation and electron trapping [43, 61, 62] . Hirakawa & Kamat [63] used the visible light active plasmonic transitions of Ag to probe the electron trapping ability of Ag/TiO 2 . A shift in the plasmon feature from 460 to 430 nm during the photooxidation of ethanol was observed. It was thought that each Ag atom trapped approximately 0.01-0.09 electrons, comparable to a value of 0.06 for Pt. It was also noted that the charge build-up on the Ag particle could be released through the TiO 2 on exposure to air, thus confirming a degree of charge transfer across the Ag/TiO 2 interface. The simultaneous degradation of nitrate and organic acids has been studied using Ag/TiO 2 [15, 17] . Under the conditions employed, some of the samples achieved 100% nitrate removal and, in one case, the final residual nitrite and ammonium levels were below the EU guideline levels [15] . Similarly, encouraging results were reported by Zhang et al. [17] Ag/TiO 2 where an average activity of 24 mmol NO3− g −1 Ag min −1 was found, equating to a total nitrate conversion of 98% and with an N 2 selectivity of 100%.
In recent years, gold supported on titania has attracted increasing attention [16, 19, 44] . In the main, this activity has stemmed from its use in heterogeneous catalytic oxidation and expansion into photocatalysis has followed. The use of Au/TiO 2 as a photocatalyst has been reviewed [64] . Mesoporous Au/TiO 2 samples have also been tested for photocatalytic applications, with positive results. Au nanoparticles deposited on mesoporous TiO 2 have also been shown to have good photocatalytic activity in the visible light regime for the decontamination of the chemical warfare agent soman [65] . The incorporation of Au results in the significant improvement in the photonic efficiency for titania catalysts due to the generation of Schottky barriers, which inhibit the recombination of electron-hole pairs.
The potential of Au/TiO 2 as a photocatalyst for photoreactivity including the simultaneous degradation of nitrate and organic pollutants in aqueous environments has been assessed and the process under UV is activation described [16, 19] . Low amounts of nitrite were assumed to be formed during the early stages of the reaction and their subsequent reduction limited in the presence of nitrate due to competition for conduction band electrons on gold. Nitrate conversions of approximately 60% were achieved when the photocatalysts were tested at 30°C. Reaction rates were affected by temperature; this was believed to be related to the removal of CO 2 as a final mineralization product of the oxalic acid hole scavenger. It was postulated that control over particle size, and thus redox potential, could lead to a degree of control over product selectivity [19] . Au exhibits a hydrogen overpotential, which lies between those of Cu and Ag, and Pt and Pd. Studies using metals such as Cu [45, 66] , which have a high hydrogen overpotential, tend to over-reduce the nitrate, forming undesired ammonium [15] . On the other hand, noble metals with low hydrogen overpotentials such as Pt and Pd [45, 67] exhibit poor activity for nitrate reduction and require large hole scavenger : nitrate ratios as a consequence of the preferred reduction in protons and formation of hydrogen. This preferential formation of hydrogen may be exploited in tandem systems where the hydrogen generated over, for example, a Pt/TiO 2 photocatalyst is consumed in nitrate reduction over a conventional, for example, PdCu hydrogenation catalyst [13, 14] .
Supported gold nanoparticles as photocatalysts have been shown to absorb both UV and visible light [65, 68] . Gold nanoparticles absorb visible light due to their surface plasmon resonance (SPR) effect, which gives rise to an absorption maximum around 560 nm. This SPR effect is the collective oscillation of conduction electrons into the gold nanoparticles resulting in a positive charge in the gold 6sd band. Variables such as the dielectric constant of the medium, particle size and particle shape influence both the exact wavelength and shape of the absorption band. When gold is supported on titania, this results in the development of a purple-brown colour to the sample; this is indicative of the characteristic surface plasmon band of gold, and thus visible light absorption capabilities. One of the key advantages of employing Au/TiO 2 for photocatalytic applications is that electron migration processes give an efficient separation of charges due to the presence of a surface barrier between the titania and the gold particles. This means that recombination of electrons and holes is less efficient, allowing for improved photocatalytic activity. This movement of electrons to the gold nanoparticles has an effect on the Fermi level, resulting in an increase in the Fermi level to a more negative potential as electrons are transferred. The difference in the E F value between TiO 2 and Au/TiO 2 is approximately 22 mV more negative [69] .
The addition of Au to titania causes the Fermi level to become more negative [44, 69] , moving the Fermi level closer to the conduction band of titania. As the gold particle diameter is decreased, the Fermi energy values drop for 8 nm particles, giving a value of −250 mV compared with −290 mV when the diameter was reduced to 3 nm. TiO 2 photocatalysts with smaller Au nanoparticles were predicted to have a higher photocatalytic activity than a sample with larger gold particles. A less well-researched parameter is the effect of varying particle shape on the photocatalytic performance of metal-doped titania, although Kaur & Pal [70] have looked at the shape dependence of Au-TiO 2 nanostructures for photocatalysis. Research into the advantages of using bimetallics for catalysis is widespread but less so in the case of photocatalysis. Photo-deposition of Au-Pd successfully increased the visible light absorption properties of the TiO 2 , as indicated by the wide SPR absorption band (500-600 nm) in the DR-UV-Vis spectrum [71] . The use of this bimetallic co-catalyst enhanced the rate of elimination of malathion, leading to a conversion of 98.2% compared with 73.8%. This was attributed to the presence of small metal clusters that enhanced the separation of photogenerated charges, although it was noted that the addition of Au-Pd also facilitated the formation of the superoxide radical anion [71] . The effects of different bimetallic particle structures for Au-Pd bimetallics have also been assessed [72] . The addition of Pd to Au shows a blue-shift in the Au SPR absorption peak, indicating that the electron density of the Au was affected by the addition of a Pd shell. Core-shell samples were tested by monitoring the evolution of H 2 from aqueous ethanol, with the best performance seen by the core-shell sample under visible irradiation. Under UV irradiation, an annealed Au-Pd sample proved more active [72] .
The combination of silver and gold has also received attention. The use of Au-Ag bimetallic particles on TiO 2 was investigated for the visible light photodegradation of phenol [73] . SPR bands at 520 and 400 nm due to Au and Ag, respectively, were detected with the Ag band shifting towards 520 nm with increasing Au content as the alloy was formed. When compared with monometallic samples, the Au-Ag bimetallic samples showed an increased rate of phenol photodegradation in the visible region. Increasing the proportion of silver in the alloyed particles also proved beneficial and the influence of particle size was also highlighted. TiO 2 -supported Au-Ag bimetallics were also studied for the photocatalytic degradation of 4-chlorophenol [74] . However, it was concluded that the use of bimetallic co-catalysts gave no significant advantage over the use of monometallic analogues. Sparse details were provided regarding the size of the metal particles.
Conclusion
The use of titania-based photocatalysts for the selective reduction of nitrates to nitrogen through photocatalytic methods has attracted some interest in recent years and the need to operate this process remotely and without energy sources will ensure that a level of interest will remain in attempting to improve this process. Numerous avenues for research in this area have not yet been fully assessed in the effort to optimize a photocatalyst for this reaction. The optimization of metal co-catalysts offers one route to: improving activity through offering a route to improved electron-hole separation; manipulating selectivity by controlling particle size, which affects the flat band potential under Fermi equilibration conditions; and for operation in the visible region by manipulating particle shape and exploiting SPR properties. Opportunities to further manipulate all three of these situations by using bimetallic particles in their core-shell, true alloy and other guises remain wide open for exploitation.
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